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SOLID-STATE NUCLEAR MAGNETIC RESONANCE PROBE 

5 Cross Reference To Related Applications 

This application claims benefit of provisional application Serial No. 60/445,288, 
filed on February 4, 2004, which application is incorporated herein by reference. 

Field of the Invention 

This invention relates to a nuclear magnetic resonance probe for the analysis of 
10 solids and semi-solids. In addition, the invention relates to a system that shuttles 
multiple samples within the probe into and out of a homogeneous field of a 
superconducting magnet. 

Background of the Invention 

Solid-state NMR spectroscopy is a powerful technique for the analysis of solids 
15 and semi-solids. It is a non-destructive and non-invasive technique that can provide 
selective, quantitative, and structural information about the sample being analyzed. 

Maximizing the utility and increasing sensitivity and sample throughput for the 
analysis of materials using solid-state NMR spectroscopy is of interest because for most 
solid samples less than one percent of the time in the magnetic field is spent on data 

20 acquisition. The rest of the time (> 99%) is spent waiting for the spin populations to 
return to their equilibrium value via spin-lattice relaxation (Ti). However, the spin-spin 
relaxation time, T 2 , is usually several orders of magnitude shorter than Ti. This means 
that the preparation and acquisition time in a Fourier Transform solid-state NMR 
experiment is typically tens of milliseconds. Before the sample can be pulsed again, the 

25 sample must relax for several seconds (Ti) to several hours as the bulk magnetization 
returns to its equilibrium value. During this time the sample must remain in a large 
static magnetic field, but is not required to be in a homogeneous magnetic field. 
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One example of compounds that have long Ti times is pharmaceutical 
compounds. New drug compounds often are poorly crystalline or even amorphous, 
have long relaxation times, and are present at low levels in a formulation. This creates a 
significant problem for analyzing these compounds using solid-state NMR 
5 spectroscopy, because analysis times can range from a few minutes to a few days 
depending upon the state of the sample (i.e. bulk drug or formulated product), relative 
sensitivity (i.e. choice and number of different nuclei in molecule), and relaxation 
parameters. For example, to quantify a mixture of two forms of a compound can take a 
few hours (for a sample with short relaxation times) to a few days. To analyze a series 

1 0 of formulated products may take a month or more of spectrometer time. This leads to 
low throughput, high cost per sample analysis, and has relegated solid-state NMR 
spectroscopy in many cases to be a prohibitively expensive problem-solving technique 
compared to other analytical techniques such as powder X-ray diffraction, infrared and 
Raman spectroscopy, and Differential Scanning Calorimetry (DSC). 

15 Also, throughput has been a significant problem in NMR spectroscopy, because 

the design of the NMR magnet generally allows the analysis of only one sample at a 
time. Autosamplers have increased throughput by minimizing the time spent changing 
samples and by allowing continuous use of the spectrometer, but have not increased the 
number of samples that could be run if samples were changed promptly. 

20 Some researchers have used strategies for the acquisition of multiple signals 

from multiple probes that are packed within the homogeneous portion of the magnet to 
maximize the utilization of an expensive analytical tool. For example, Oldfield, et al., 
A Multiple-Probe Strategy for Ultra-High-Field Nuclear Magnetic Resonance 
Spectroscopy, J. Mag. Res., Series A 107, 255-257 (1994), discloses the incorporation 

25 of more than one probe in the homogeneous part of the magnet that allows for the 
acquisition of a spectrum for each individual sample. Oldfield discloses a probe that 
contains three different samples which are all simultaneously located in the 
homogeneous part of the magnet. Although Oldfield disclosed that the samples were 
static, he proposed that at least one could incorporate sample spinning. The resolution 

30 of this system was quoted as approximately 1 ppm. 
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The concept in Oldfield was extended to solution NMR spectroscopy by Raftery 
and coworkers. U.S. Pat. Appl. Pub. No. 2002/0130661 Al. Raftery, et al., have shown 
that up to four different samples could be located simultaneously in the homogeneous 
part of the magnetic field. However, the larger the number of samples, the smaller the 
5 sample volume must be for all samples to be located simultaneously in the 

homogeneous region of the magnetic field. This design does not allow for the easy 
incorporation of magic-angle spinning (MAS) for multiple samples at typical (0.5 cm ) 
solid sample sizes. 

Poor signal to noise ratio (SNR) is also a significant problem in the analysis of 
10 materials using solid-state NMR spectroscopy. The most common method used to 
increase the SNR in samples containing nuclei with low magnetogyric ratios, low 
natural abundance, and low sample concentration is signal averaging. The SNR in an 
NMR experiment is proportional to the signal divided by the noise. This relationship is 
as follows: 



SNR oc 



-3/2 



1/2 



where N = Nuclear spins per unit volume 
15 co = Larmor precession frequency 

£ = Filling factor of the receiver coil 
T = Temperature (absolute) 
Q = Quality factor of the receiver coil 
V c = Volume enclosed by the receiver coil 
F = Noise figure of the preamplifier 



This equation suggests two approaches to improve SNR: increase signal, or decrease 
noise (or both). The equation for the SNR in a Fourier Transform NMR experiment is 
shown. This equation assumes that the sample and coil are at the same temperature, and 
20 does not take into consideration fixed parameters such as linewidth, magnetogyric 

ratios, spin quantum numbers, etc. A further discussion of optimizing sensitivity can be 
found in Freeman. Freeman, R. A Handbook of Nuclear Magnetic Resonance; John 
Wiley and Sons Inc., New York, 1988. 
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Increasing the SNR by signal averaging is a problem if the sample has long spin- 
lattice relaxation times (Ti) of minutes, hours, or even days, because the number of 
transients acquired is limited to one or at most several dozen. Table 1 shows the 
relaxation times for many of the pharmaceutical solids reported in the literature. 

5 Table 1. Relaxation times for various pharmaceutical compounds. 





H Resonance 




Delav at 400 MHz 


Compound 


Frequency 


Recycle Delay 


(9.4 T) 


R.O.Y.* 


300 


40-70s 


70-125S 


Cimetidine 


360 


15s 


18s 


LY297802 


400 


5-10s 


5-10s 


Ephedrine 


200 


1.5s 


6s 


Aspirin 


300 


90s 


160s 


Salicylic Acid 


300 


lhr 


1.78hrs 


prednisolone t- 
butylacetate 


200 


3s 


12s 


Acetaminophen 


200 


2s 


8s 


Carbamazepine 


200 


3s 


12s 


Enalapril Maleate 


200 


2s 


8s 


Ibuprofen 


200 


2s 


8s 



* 5-methyl-2-[(2-nitropheny)amino]-3-thiophenecarbonitrile 



For example, aspirin is a representative pharmaceutical solid that has a ] H Ti 
relaxation time of approximately 30 s at 300 MHz. In a 13 C cross polarization magic- 
angle spinning (CPMAS) experiment the pulse delay between acquisitions must be at 
10 least 90 s to avoid saturation. With salicylic acid, which does not have a methyl group, 
the delay between acquisitions is greater than 1 hr. It should be noted that some of 
these compounds may have been chosen because they have relatively short relaxation 
times, and that the recycle delays may not have been optimized. 

One potential solution to the sensitivity problem is to use to higher magnetic 
15 fields, but that has several significant disadvantages. First, resolution often will not 
increase dramatically at higher fields if the linewidth of the sample is limited by bulk 
magnetic susceptibility or a range of conformations. For example, most drug 
compounds are still relatively low molecular weight species (<500 MW). At field 
strengths as low as 7-9 Tesla there is sufficient resolution to identify most, if not all, of 
20 the peaks in the spectrum. Second, higher fields require faster spinning speeds to obtain 
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the same separation in ppm between isotropic peaks and spinning sidebands. Increasing 
the magnetic field from 9.4 Tesla to 18.8 Tesla would require doubling the spinning 
rate, which usually corresponds to a decrease of at least a factor of two in sample 
volume. Third, for crystalline solids, especially those without methyl groups, the 
5 relaxation rate is often inversely proportional to the square of the magnetic field 
strength. Going from 7.05 T to 18.8 T would increase relaxation delays by about a 
factor of seven, mitigating significantly any increased sensitivity gains obtained by 
going to higher field strengths. 

Sensitivity in a MAS experiment can also be improved by increasing the sample 
10 volume. However, there are several significant limitations to the development of a 
large MAS probe capable of cross polarization and high power j H decoupling. They 
include: 

(1) Producing a high-power l H RF field capable of minimal decoupling for a 
moderately rigid proton environment (approximately 25 kHz); 
1 5 (2) The ability to spin a large sample at the magic angle with minimal 

sidebands; and 

(3) Producing a magnetic field of uniform homogeneity over the entire sample. 

Unfortunately, the methods needed to overcome each of these limitations are not trivial. 
For example, while magnetic resonance imaging (MRI) technology requires higher 

20 resolution magnetic fields over a much larger sample volume than is needed for solid- 
state NMR experiments, incorporating such a magnet into a pharmaceutical or chemical 
laboratory would be quite difficult, especially at high fields (> 400 MHz). Large 
sample volumes inherently mean slower spinning speeds, which is also not desirable. 
Finally, the ability to adequately decouple the *H nuclei from the X nuclei is extremely 

25 problematic, as it would require very high power ] H decoupling amplifiers (> 4000 W). 
Some research groups are currently developing methods to increase nuclear 
magnetic resonance sensitivity, using techniques such as hyperpolarized xenon or 
dynamic nuclear polarization (DNP). One recent method that demonstrates 
substantially increased sensitivity in solution is a cryoprobe that, at considerable 

30 expense, keeps the coil and preamplifier at close to liquid helium temperatures. The 
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sensitivity gains occur because of lower noise figures for both the coil and the 
preamplifier, and a higher Q. Some sacrifice is made in filling factor, which limits the 
gains in sensitivity. In the solid state, especially for magic-angle spinning (MAS) 
systems, cooling the coil without cooling the sample would be extraordinarily difficult. 
5 Even cooling the system under MAS conditions is technically challenging. 

In the solid state, other methods such as variable-amplitude cross polarization 
(VACP) and two-pulse phase modulation (TPPM) decoupling can improve the signal to 
noise ratio by approximately 30% for ideal samples. Similar gains can potentially be 
made by optimizing probe circuitry. 

10 Also, the concept of moving samples into the homogeneous magnetic field only 

when the spectrum is being acquired has been used to measure relaxation times at 
different magnetic field strengths, and also to measure dipolar couplings at field 
strength of zero. In these approaches, the desire was usually to move the sample to a 
different magnetic field strengths, but not keep all of the samples always in the highest 

15 magnetic field strength. 

Even with the advances described above, there have been no dramatic 
improvements in sensitivity and throughput for solid-state NMR spectroscopy for the 
routine analysis of low abundance nuclei such as 13 C and 15 N since the development of 
the cross polarization magic-angle spinning (CPMAS) experiment almost three decades 

20 ago. Further, none of the currently available techniques improve sensitivity and 

throughput by repositioning a probe within the bore of the magnet to analyze a different 
sample and allow the spins of one or more other samples to return to a state that allows 
a researcher to acquire another spectrum of the one or more other samples. 

Summary of the Invention 

25 Generally, the present invention relates to a system for the analysis of multiple samples 
contained with a nuclear magnetic resonance probe. One embodiment may include: a 
probe, the probe comprising, (1) a housing, and (2) a plurality of isolated spinning 
modules positioned within the housing, the isolated spinning modules being configured 
to hold different samples for analysis; a repositioning device coupled to the probe, the 

30 repositioning device being configured to alter the position of the probe to place a 
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spinning module within the homogeneous portion of a magnet; and an acquisition 
device coupled to the spinning modules, the acquisition device being configured to 
acquire a spectrum from only the spinning module that is placed within the 
homogeneous portion of a magnet. 
5 In another respect, the invention is directed to a nuclear magnetic resonance 

probe that includes multiple spinning systems. The multiple spinning systems are on 
isolated circuits and each individual spinning module can be repositioned following 
data acquisition to allow the spins of the nuclei being analyzed to relax to an 
equilibrium state while a spectrum is being acquired on a sample contained within 

10 another spinning module. The probe includes: a housing, the housing being moveable 
to different positions within the magnetic field; a plurality of isolated spinning modules 
positioned within the housing, the isolated spinning modules being configured to hold 
different samples for sequential solid-state NMR analysis; and wherein the housing is 
configured for the movement of one of the plurality of modules out of a homogeneous 

15 portion of the magnet to allow a sample contained with the one of the plurality of 
modules to return to an equilibrium state. 

In another respect, the invention is directed to a nuclear magnetic resonance 
spectrometer that includes: a magnet, the magnet defining a bore; a probe, the probe 
comprising, (1) a housing sized to fit within the bore of the magnet, and (2) a plurality 

20 of isolated spinning modules positioned within the housing, the isolated spinning 

modules being configured to hold different samples for analysis; a repositioning device 
coupled to the probe, the repositioning device being configured to alter the position of 
the probe to place a spinning module within the homogeneous portion of a magnet and 
remove a second spinning from the homogeneous portion of the magnet; and an 

25 acquisition device coupled to the spinning modules, the acquisition device being 

configured to acquire the signal from only one of the isolated spinning modules during 
an acquisition of a spectrum. 

In another respect, the invention is directed to a method for the acquisition of 
solid-state nuclear magnetic resonance spectra using a probe that includes multiple 

30 spinning modules. The method includes the steps of: providing a magnet, the magnet 



7 



? 



defining a bore; providing a probe, the probe being positioned within the bore of the 
magnet; providing a plurality of spinning modules within the probe; placing a plurality 
of samples within the plurality of spinning modules; positioning the probe within the 
bore of the magnet to position a first spinning module in a first position; acquiring a 
5 first spectrum from a first sample contained within the first spinning module; moving 
the probe from the first position to a second position that positions a second spinning 
module for the acquisition of a second spectrum from a second sample contained within 
the second spinning module. 

The above summary of the present invention is not intended to describe each 
10 disclosed embodiment or every implementation of the present invention. The figures 
and the detailed description that follow more particularly exemplify these embodiments. 

Brief Description of the Drawings 

The invention may be more completely understood in consideration of the 
following detailed description of various embodiments of the invention in connection 
1 5 with the accompanying drawings, in which: 

Figure 1 is a schematic view of an embodiment of a solid-state NMR probe 
including two spinning modules; 

Figure 2 is a photographic view of a second embodiment of a solid-state NMR 
probe including two spinning modules; 
20 Figure 3 is a photographic view of the probe of Figure 2 located within a bore of 

a magnet; 

Figure 4 is a solid-state nuclear magnetic spectrum of a KBr sample placed 
within a spinning module of Figure 2 and acquired while within the bore of the magnet 
as shown in Figure 3; and 
25 Figure 5 is a schematic view of an embodiment of a solid-state NMR 

spectrometer utilizing a third embodiment of a probe. 

While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be 
described in detail. It should be understood, however, that the intention is not to limit 
30 the invention to the particular embodiments described. On the contrary, the intention is 



to cover all modifications, equivalents, and alternatives falling within the spirit and 
scope of the invention. 

Detailed Description of the Preferred Embodiments 

5 The present invention relates to solid-state nuclear magnetic resonance (NMR) 

spectroscopy. In particular, the present invention is directed to the use of a probe that 
increases sensitivity and throughput of samples being analyzed with solid-state NMR. 
A magic-angle spinning (MAS) NMR probe is described to increase sensitivity and 
throughput, the probe including multiple spinning systems. The spinning systems can 

10 be rapidly shuttled in and out of a homogeneous region of a static magnetic field of a 
superconducting magnet. While the spectrum of one sample is being acquired, the 
magnetization of one or more additional samples contained within separate spinning 
modules will be returning to equilibrium in the inhomogeneous region of the field. For 
a probe containing ten spinning modules, the result is an increase in throughput or a 

15 decrease in acquisition time by an order of magnitude compared to conventional MAS 
probes. 

As the terms are used in this application, "solid-state" and "sample" refer to any 
material, compound, or sample that is a solid or semi-solid. As the term is used in this 
application, "different samples" means samples contained within different spinning 
20 modules. The material being analyzed that is contained within the "different samples" 
may be the same or different. As the term is used in this application, " plurality" means 
more than one. As the term is used in this application, "coupled" means a direct or 
indirect connection between two or more elements. 
Two-Module Probe Construction 

25 Referring to Figure 1, one embodiment of a solid-state NMR probe 10 is shown. 

The NMR probe 10 includes two magic-angle spinning (MAS) systems 20, 30. In 
alternative embodiments, the number of modules can be increased. MAS spinning 
systems can be obtained from Varian located in Palo Alto, California. Any suitable 
MAS spinning system can be utilized. 
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The probe 10 can be constructed to use typical MAS modules (for example, 4 or 
7 mm o.d. rotors) and can be designed to maximize throughput of samples. The probe 
10 includes a framework or housing 60 that houses the MAS spinning systems or 
modules 20, 40. A shield (not shown) can be placed around the housing 60 to protect 
5 the components of the probe 10 and facilitate the movement of the probe within a 
magnet. The MAS modules 20, 40 are attached to the housing 60 at attachment points 
21, 22 for the first module 20 and attachment points 41, 42 for the second module 40. 

The first module 20 includes fixed capacitors 23, 24 (American Technical 
Ceramics located in Huntington Station, New York) coupled to the first module 20 for 
10 the tuning of the first module 20. Fixed capacitors 23, 24 roughly tune (± 3 MHz) the 
RF circuit for this first module 20. Fixed capacitors 23, 24 are coupled to radio 
frequency (RF) transmission lines 25, 26. RF transmission lines 25, 26 can be coaxial 
cables. 

The system for tuning the first module 20 is preferably compact so that 
15 additional modules can be positioned no further than 5 cm apart. Utilizing variable 

tuning elements in the probe eliminates the need for a mechanism (such as plastic rods) 
for changing large variable capacitors that tune the circuit for the first module 20. A 
second portion of the tuning circuit can be located outside the probe. This tuning circuit 
can be designed for fixed frequencies with fine-tuning of the circuit performed below 
20 the magnet. 

Gas is provided to first module 20 through first supply lines 27, 28 for the 
spinning and stabilization of a first sample holder positioned within the first module 20. 
In solid-state NMR systems incorporating multiple MAS modules, the ability to supply 
sufficient spinning/bearing air to each module is not trivial. Individual air lines are 
25 provided for each module, although space considerations may require alternative 
methods of supplying the air. 

The first sample holder is a standard Pencil™ spinning MAS device that can be 
purchased from Varian located in Palo Alto, California. Supply lines 27, 28 provide gas 
(preferably air) in order to drive or rotate the first sample holder positioned within a 
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first sample cavity 29 defined by the first module 20 and for bearing of the first sample 
holder within the first module 20, respectively. 

A first MAS adjustment device 30 can be coupled to the first spinning module 
20 for adjusting the angle of the first spinning module 20 relative to the magnetic field 
5 of a superconducting magnet. The first MAS adjustment device 30 can be used to 
adjust the angle of the first spinning module 20 and the sample contained with the 
module 20 to maximize the signal obtained during an experiment conducted on the first 
sample. An angle of 54.7 degrees relative to the magnetic field of the magnet is 
preferred. 

10 A first rotation measuring device 31, employing means such as fiber optics, can 

be coupled to the first spinning module 20 for measuring the rotational speed of the first 
sample holder contained within the first spinning module 20. A distinctive mark can be 
placed on the first sample holder to facilitate the measurement of the rotational speed of 
the first sample holder. Computer control software (such as LabView available from 

15 National Instruments located in Austin, Texas) can be used to maintain spinning speed 
control for the first sample holder contained within the first module 20. 

Like the first module 20, the second module 40 includes fixed capacitors 43, 44 
coupled to the second module 40 for the tuning of the second module 40. Fixed 
capacitors 43, 44 are coupled to radio frequency (RF) transmission lines 45, 46. RF 
20 transmission lines 45, 46 can be made of coaxial cables. 

The system for tuning the second module 40 is also preferably compact so that 
additional modules can be positioned no further than 5 cm apart. Utilizing variable 
tuning elements in the probe eliminates the need for a mechanism (such as plastic rods) 
for changing large variable capacitors that tune the circuit for the second module 40. A 
25 second portion of the tuning circuit can be located outside the probe. This tuning circuit 
can be designed for fixed frequencies with fine-tuning of the circuit performed below 
the magnet. 

Gas is provided to second module 40 through second supply lines 47, 48 for the 
spinning and stabilization of a second sample holder positioned within the second 
30 module 40. The second sample holder is also a standard Pencil™ spinning MAS 



device. Supply lines 47, 48 provide gas (preferably air) in order to driver or rotate the 
second sample holder positioned within a second sample cavity 49 defined by the 
second module 40 and for bearing of the second sample holder within the second 
module 40, respectively. 

5 A second MAS adjustment device 50 can be coupled to the second spinning 

module 40 for adjusting the angle of the second spinning module 40 relative to the 
magnetic field of a superconducting magnet. The MAS adjustment device 50 can be 
used to adjust the angle of the second spinning module 40 and the sample contained 
with the module 50 to maximize the signal obtained during an experiment conducted on 
10 the second sample. An angle of 54.7 degrees relative to the magnetic field of the 
magnet (magic angle) is preferred. 

A second rotation measuring device 51, employing means such as fiber optics, 
can be coupled to the second spinning module 50 for measuring the rotational speed of 
the second sample holder contained within the second spinning module 50. A 
15 distinctive mark also can be placed on the second sample holder to facilitate the 

measurement of the rotational speed of the second sample holder. The same computer 
control software used for the first sample holder can be used to maintain spinning speed 
control for the second sample holder contained within the second module 40. 

The closer the modules such as modules 20, 40 are to each other, the more 
20 samples can be maintained in the main B 0 field (approximately 90% B 0 ). Depending on 
the system utilized, the minimum distance between spinning modules that does not 
sacrifice RF performance or magnetic field homogeneity can be determined. Also, 
depending on the experiment sought to be conducted, the experimenter may have to 
compromise between the amount of time a sample spends in a lower magnetic field, the 
25 net relaxation occurring in that field, and the relaxation delay between pulses. 

Each spinning module 20, 40 can be moved rapidly from one point in the 
magnet to another. Often, this movement could be several tens of centimeters, if the 
signal is acquired in a non-sequential manner. Utilization of a system that provides the 
fastest movement with sufficient accuracy to place each module within 2 mm of its 
30 previous position in the homogeneous part of the magnetic field is preferred. 

12 



Each spinning module 20, 40 may have different field homogeneity 
requirements, requiring separate shim parameters. Changes in shim values can be 
incorporated with switching data acquisition from one module to another. 

The magic angle of the MAS modules 20, 40 can be adjusted at the bottom of 
5 the NMR probe 10. This can be done by having individual MAS adjustors extending 
from the bottom of the probe 10. Preferably, a single MAS adjustor can be used to 
replace a system that has multiple MAS adjustors extending out of the probe. This 
MAS adjustor, which can be adjusted to reposition both of the modules 20, 40, requires 
that the probe 10 be lowered out of a magnet for adjustment of the magic angle. Since 
10 the probe 10 is designed to be raised and lowered within the magnet, having the probe 
extend below the magnet would also enhance sample changing. 

Commercially available software, such as Spinsight software used on a 
commercial spectrometer, such as a Chemagnetics spectrometer, is capable of acquiring 
the spectra of the spinning modules 20, 40 using either two dimensional software or 
1 5 switching data buffers between acquisitions. 

High-power RF switches can be used to direct the output to the individual 
circuits for the modules 20, 40. Switches are available with power handling capabilities 
of > 350 W CW and switching times of < 20 ms. Alternatively, separate spectrometers 
can be utilized to control and acquire data from the separate modules 20, 40. Other 
20 known techniques for control and acquisition of data from the modules 20, 40 can also 
be utilized. 

The MAS modules 20, 40 can be moved into the homogeneous region of the 
magnet for acquisition of signal. When the signal for a module, such as module 20, is 
not being acquired, the module can be moved into a different region of the magnetic 
25 field. As shown in Figure 1, an attachment device 70 can be coupled to the housing 60. 
Any suitable repositioning mechanism can be coupled to the attachment device 70 to 
control the position of probe 10. The MAS modules 20, 40 can be moved in the bore of 
the magnet using an electric, hydraulic, or other mechanism that can change the location 
of the MAS modules 20, 40 in a bore of the magnet. 
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Probe 10 has the capability of drastically increasing throughput by a factor of 2- 
20, depending upon the number of spinning modules/samples that are being analyzed. 
This number could be significantly higher, if the analysis time for one of the samples 
was several days. During that time, the samples in the other spinning modules could be 
5 changed several times without disturbing the sample with the long analysis time. 

The analysis of salicylic acid is an example of this, where the pulse delay at a 
magnet field strength of 7.05 Tesla is 3600 s. In conventional systems, an acquisition 
count is limited to < 24 acquisitions. With a probe, such as probe 10 or other probes 
that include more than two modules, the sample can remain in the spectrometer for 
10 weeks without significantly affecting throughput. 

This system can be automated to run an experiment without human intervention 
for an extended period of time. A variant of the Varian Nano™ probe MultiSampler 
(NMS), which lowers a probe containing a MAS module, changes samples, and then 
returns the probe to its original location, can also be used to facilitate such an 
15 experiment. The throughput advantage could be increased to 10-100 compared to a 
probe with no autosampler, if the samples are changed five times during an experiment 
that last for one or several days. 

Utilizing a probe such as probe 10 results in little or no loss in field 
homogeneity, sensitivity, MAS speed, or ! H decoupling field strength compared to 

20 conventional NMR probes. While this approach can be used at any magnetic field 
strength, preferable, it works better at higher field strengths, where Ti relaxation rates 
are much longer than at lower field strengths. Higher fields also imply faster spinning 
systems and therefore smaller sample volumes. However, this means that more 
spinning systems could be placed in the static magnetic field, enabling more samples to 

25 be run. 

Referring to Figure 2, a second embodiment of a multiple module solid-state 
NMR probe 1 10 is shown. This probe 1 10 is similar to probe 10. Many of the parts of 
probe 1 10 are the same as the parts in probe 10 and like parts are indicated with like 
numbers from probe 10 shown in Figure 1. 
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Probe 1 10 also includes a RF isolation shield 80 positioned between the 
spinning modules 20, 40. RF isolation shield 80 reduces cross talk between coils 
contained within modules 20, 40. In probe 110, the coils are approximately 5 cm apart. 

As shown in Figure 2, the RF transmission lines 25, 26 are coupled to the first 
5 module 20 from the top of the probe 110 and RF transmission lines 45, 46 are coupled 
to the second module 40 from the bottom of the probe 1 10. 

Referring to Figure 3, the probe 110 of Figure 2 is shown positioned within a 
superconducting magnet 90. Probe 1 10 is inserted into the bore 91 of the magnet 90. A 
repositioning device 95 (device that switches the position of spinning modules) or any 

10 other device that can be used to alter the position of the probe 110 within the bore 91 of 
the magnet 90 is coupled to the probe 110. In one embodiment, the repositioning 
device 95 includes a stepper motor 96. The stepper motor 96 is coupled to a probe 
movement assembly 97 (attachment device). Repositioning device 95 of Figure 3 
employs an Emerson stepper motor DXM-318 and controller M035318. Gas lines 47, 

15 and 48 are shown coupled to the probe 110. Other electric or hydraulic repositioning 
devices can be used to change the location of the MAS modules 20, 40 within the bore 
91 of the magnet 90. 

The two-module probe 110 shown in Figures 2 and 3 is a double-resonance ( l H- 
13 C) probe, which results in two RF transmission lines being coupled to each of the 
20 spinning modules 20, 40. 

The probe shown in Figure 2 includes two separate coils distanced 
approximately 5 cm apart. This along with RF isolation shield 80 reduces cross-talk 
between coils. Alternatively, other known methods to isolate the RF coils can be 
implemented such as those described in U.S. Pat. Appl. Pub. No. 2002/0130661 AL 

25 Greater Than Two Module Probes and Spectrometers 

Referring to Figure 4, an embodiment of a solid-state NMR spectrometer 200 is 

shown. The spectrometer 200 includes a probe 210 that includes six spinning modules. 

Alternatively, more or less spinning modules can be utilized so long as there is more 

than one spinning module. The probe 210 is positioned within the bore 291 of a 

30 superconducting magnet 290. A microstepper assembly (repositioning device) is shown 
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attached to an upper portion 298 of the superconducting magnet 290. A repositioning 
cable 299 is attached to the probe 210 to facilitate the movement of the probe 210 
within the magnet 290. Attachment to the probe 210 can be achieved with an 
attachment device, such as attachment device 70 of Figure 1. 

5 RF transmission lines 245 and 246 are used to connect the probe 210 to a remote 

RF tuning device and switching box, collectively 205. Although shown as being 
housed within a single device, the RF tuning device and switching box can be 
separately housed. This box 205 serves two purposes. First, each MAS module/circuit 
can be selected independently for signal acquisition. High-power RF switches can be 

10 used to direct the output to the individual circuits for the modules. As described above, 
switches are available with power handling capabilities of > 350 W CW and switching 
times of < 20 ms. Alternatively, separate spectrometers can be utilized to control and 
acquire data from the separate modules within probe 210. Second, the location of box 
205 allows each circuit to be tuned independently outside of the magnet, which 

15 conserves space. 

The box 205 is coupled through connections 206 to other standard components 
of the spectrometer including high-power amplifiers, a pre-amplifier, and a receiver 
(acquisition device), collectively shown as spectrometer components 207. 

Gas lines 247, 248 are also coupled to the probe 210. Lines 247 and 248 
20 provide the drive and bearing gas for the sample holders within the spinning modules. 
Although only two gas lines 247, 248 are shown in Figure 4, additional gas lines can be 
utilized to provide each spinning module with separate drive and bearing gas. 

Probe 210 operates for the sequential analysis of different samples contained 
within a solid-state NMR probe as follows. First, a spectrum of a sample 211 contained 
25 within one spinning module 220 is acquired. While the magnetization of sample 21 1 is 
returning to equilibrium, it is removed from the homogeneous region of the magnetic 
field and another sample 212 housed within a separate spinning module 240 that has 
been relaxing in the inhomogeneous magnetic field is moved into the homogeneous 
field region. A spectrum of sample 212 is then acquired. After acquisition, it is 
30 possible to switch back to sample 211 after the magnetization for sample 21 1 has 
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returned to equilibrium. If sample 21 1 has not yet returned to equilibrium, then it 
would be possible to switch to sample 213, or sample 214, etc. If it is possible to switch 
to five samples before the magnetization in sample 211 has returned to equilibrium, and 
the other samples contain the same material as sample 211, then the SNR will be 
5 increased by a factor of the square root of six, or 2.45. 

Switching to eight other samples will increase the SNR by a factor of three. 
With this design it is also possible to run ten different samples, which would correspond 
to an increase of a factor often in throughput, which is potentially more valuable than 
an increase in signal to noise. Automated sample changing can be utilized to further 

10 increase throughput. 

Preferably, each MAS spinning module shown in Figure 4 includes its own air 
supply lines, radio-frequency connections, and magic-angle adjustment mechanism, 
although some or all of these features may be combined as described above for probes 
10 and 110. Each spinning module may have variable-temperature capability, 

15 independent spinning speed control, and independent shimming parameters. 
Examples 

Referring to Figure 5, a solid-state 79 Br magic-angle spinning NMR spectrum of 
KBr was obtained through the use of the probe shown in Figures 2 and 3. All 79 Br 
spectra were acquired on a Chemagnetics CMX-300 spectrometer using single-pulse 

20 excitation and magic-angle spinning. KBr was packed into 7.5 mm zirconia rotors and 
spun at 3 kHz in a multiple-sample probe outfitted with two Pencil™ spinning modules. 
Kel-F endcaps were used to hold the sample in the rotor. 

The two-module double-resonance ( ] H- 13 C) probe shown in Figures 2 and 3 
contained two Pencil™ spinning modules. The probe circuit was tuned to both ! H and 

25 13 C, although for the KBr experiments the 13 C circuit was retuned to 79 Br. Retuning 
required a simple adjustment of the variable tune and match capacitor. The circuit was 
based upon a double-resonance design using a combination of fixed (American 
Technical Ceramic) and variable capacitors (Polyflon Company located in Norwalk, 
Connecticut) for tuning and matching of the circuit, with a quarter wave cable on the 

30 proton side for isolation of signal. A quarter wave cable was not necessary on the 
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carbon side of the tuning circuit for proton isolation. The design of NMR probes and 
circuits is well-established, especially at low frequencies. Details on the construction of 
this type of circuit for solid-state NMR can be found in Chapter 5 of "High Resolution 
NMR in the Solid State - Fundamentals of CP/MAS", E. O. Stejskal and J. D. Memory, 
5 Oxford University Press, New York, 1994. Isolation between channels was found to be 
> 20 dB. Both the ! H and l3 C sides of the circuit showed adequate power handling 
capabilities for cross-polarization MAS (CPMAS) spectroscopy, and were comparable 
to a conventional single-module NMR probe. A 13 C CPMAS NMR spectrum with 
proton decoupling of hexamethylbenzene (HMB) was acquired using one of the 

10 modules. The signal-to-noise ratio for KBr was comparable between the circuit used in 
the multiple-sample probe and the conventional single-module probe used to routinely 
acquire spectra on this spectrometer. The ability to acquire a spectrum using magic- 
angle spinning after movement of the probe in the magnet was evaluated. 

In dynamic-angle spinning experiments, the spinning module can be rapidly 

15 switched (< 100 ms) between two different angles with respect to the static magnetic 
field, demonstrating that rapid movement of spinning modules is possible while 
maintaining the magic-angle spinning. In probe 110 of Figures 2 and 3, the angle is not 
switched, but the physical location of the spinning module in the static magnetic field 
was changed. A schematic representation of one embodiment of an experimental setup 

20 of this type is shown in Figure 4. 

The probe is inserted into the magnet and is attached to a repositioning device, 
which is composed of an Emerson stepper motor DXM-318 and controller M035318. 
A computer was used to control the timing and speed of the stepper motor. The 
rotational motion of the stepper motor was converted into vertical motion by using a 

25 worm-type gear arrangement. In order to test the ability of the probe to acquire signals 
after sample movement, the probe was raised and lowered in the magnetic field by 
about 8 cm while the sample was spinning at 2-4 kHz. The spinning speed did not seem 
to change during the experiment. The module was maintained in the homogeneous 
region of the magnetic field for approximately 10 s, and then moved 8 cm to bring the 
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other module into the homogeneous region of the magnetic field. The duration of the 
movement was less than 2 s, and in some experiments less than 1 s. 

A spectrum of KBr using 2048 acquisition points from one of the modules was 
acquired approximately every 0.5 s during the entire process. A spectrum from the 
5 other module could have easily been acquired by either using two NMR spectrometers 
or a switch to select one of the two modules, but since both circuits and modules are 
identical, the results from one module would have been duplicated on the other module. 
The spectra showed that an NMR spectrum equivalent to that obtained in a conventional 
single-module NMR probe could be acquired within 0.5 s of the stopping of module 
10 movement in the homogeneous region of the magnetic field. 

Applications 

Some general applications of the embodiments of the probe designs described 
above include: 

(1) Utilizing the methodology and probe designs described for the analysis of: 
15 pharmaceuticals, glasses, polymers, catalysts, and other solid and semi-solid materials, 

systems, and compounds. 

(2) Utilizing the methodology and probe designs described to improve the 
identification, detection, and quantitation of drug forms and deriving information on 
drug stability from the NMR data. 

20 (3) Enhancing solid-state NMR sensitivity and throughput: the methodology 

and probe designs described above increases throughput in solid-state NMR 
experiments by an order of magnitude. As NMR spectrometers approach 1 GHz in 
frequency and five to ten million dollars in cost, the ability to run multiple samples on 
the same instrument will have a tremendous impact by increasing the amount of science 

25 that can be performed using these spectrometers. 

(4) Use of solid-state NMR spectroscopy for the analysis of pharmaceuticals: 

Form changes in pharmaceuticals during the manufacturing and production process can 

affect important properties such as bioavailability. Ritonavir, a protease inhibitor, is a 

recent example of a drug in which the solid form was removed from the market because 

30 of form changes. Solid-state NMR spectroscopy with probes, such as the ones 
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described above, can increase the ability to detect form changes at very low levels, and 
could identify potential problems with formulations before bioavailability is affected. 

One specific use of the embodiments of the probe designs described above 
includes: 

5 Identification of amorphous material in pharmaceuticals: small amounts of 

amorphous material is often present in pharmaceutical formulations because of milling, 
drying, grinding, and mixing with excipients. The amorphous component is usually 
much less stable than the crystalline material, and therefore degrades much faster. The 
determination of amorphous content in pharmaceuticals is almost always limited by the 
10 SNR. The detection limit for amorphous content of materials can be improved with the 
probes described above. 

Utilization of Multiple Spinning Module Probe as a High-Field Probe 

A major benefit of the systems described above is that it is ideally suited to 

operate at high fields, where relaxation times are long and spectrometer time is at a 
1 5 premium. These probes can be used with spectrometers having field strengths of 800 
MHz or greater. 

Combination of Multiple Spinning Module Probe with Large-Volume Probe 

A solid-state NMR probe that has a substantial increase in SNR (approximately 
30) compared to a traditional 7 mm NMR probe can be constructed. The combination 

20 of large sample volumes (x4) with multiple spinning modules (x3) and lower 

temperatures (minimum of x2.5) can result in an increase in the SNR by a factor of 30, 
corresponding to a savings in time by a factor of 900. One primary applications for this 
probe is the analysis of pharmaceutical formulations that contain < 10% of active drug 
ingredient and for the assignment of NMR spectra using experiments such as 

25 INADEQUATE. Increasing SNR can be achieved in several ways. For example, a 

factor of three increase in SNR will be achieved by using nine spinning modules instead 
of one. 

A factor of four increase in SNR will be achieved by increasing the sample 
volume. Using a 2.5 cm 2 rotor, enhancement in SNR of 4-5 could be obtained 
30 compared to spinning systems of approximately 0.5 cm 2 . Moreover, previous 
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experiments using a large-volume spinning system acquired show that adequate 
decoupling powers (> 35 kHz) and MAS speeds (approximately 3 kHz) could be 
achieved in a system of this volume. Larger sample volumes would require prohibitory 
RF power levels for *H decoupling. One of the advantages of the INADEQUATE pulse 
sequence is that only modest decoupling powers and spinning speeds are necessary. 

A factor of 2.5 increase in SNR will be achieved by lowering the sample and 
probe temperature. By reducing the sample temperature to 150 K, the population 
difference would increase by a factor of 2. In addition, the SNR should increase by a 
factor of 1.4 because of lower thermal noise of the coil. Also, decoupling may become 
more efficient by increasing the Q factor. The disadvantage is that at lower 
temperatures, the Ti may be substantially longer, and the improvement in SNR achieved 
by going to lower temperatures may not be realized. 

The present invention should not be considered limited to the particular 
examples or materials described above, but rather should be understood to cover all 
aspects of the invention as fairly set out in the attached claims. Various modifications, 
equivalent processes, as well as numerous structures to which the present invention may 
be applicable will be readily apparent to those of skill in the art to which the present 
invention is directed upon review of the instant specification. 
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